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A B S T R A C T
The ability of certain harmful algal species to produce and release chemicals that inhibit the growth of co-
occurring phytoplankton species, here considered as allelopathy, is closely associated with competition
for limiting nutrient resources. Many phytoplankton cells are known to release elevated amounts of
organic compounds under nutrient limitation. Eutrophication alters the nitrogen-to-phosphorus balance
and, when nutrient availability is unbalanced, nutrient limitation may result. Algal species that can
compete successfully for available growth-limiting nutrient(s) have the potential to become dominant
and form blooms. The stress conditions imposed by the shifted nutrient supply ratios can, in some algae,
stimulate production of allelochemicals that inhibit potential competitors. Thus, under cultural
eutrophication, altered nutrient (N, P) ratios and limiting nutrient supplies can stimulate increased
production of allelochemicals, including toxins, by some algal species and accentuate the adverse effects
of these substances on other algae. Future investigation on the characterization of the chemical
compounds involved in the allelopathic process are needed to advance the study of the mode of action of
phytoplankton allelochemicals.
 2008 Elsevier B.V. All rights reserved.1. Allelopathy
The increase in the input of nutrients, mainly nitrogen (N) and
phosphorus (P), to marine waters – with eutrophication as
consequence – is a worldwide phenomenon (Cloern, 2001). The
supply of these nutrients is seldom in optimal balanced ratios (N:P
16, Redfield ratio), thus resulting in nutrient limited growth of
phytoplankton (Conley, 1999). The most obvious effect of
eutrophication is an alteration of the food web that results in
high levels of phytoplankton biomass, which can lead to algal
blooms (Anderson et al., 2002; Smayda, 2004). Such shifts in the
primary producer community are likely to cascade through the
pelagic food web. Disruption of the food web occurs by selection
for opportunistic, inedible phytoplankton species, with a poor
nutritional value or unsuitable size in relation to the optimal diet of
zooplankton. Phytoplankton succession, however, cannot be
explained solely by abiotic factors, acting together with competi-
tion and grazing; chemically mediated interactions should also be
considered (Lucas, 1947). The release of chemicals/toxins by plants
or microorganisms, that affect their potential competitors for* Corresponding author. Tel.: +46 480447307; fax: +46 480447340.
E-mail address: edna.graneli@hik.se (E. Granéli).
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doi:10.1016/j.hal.2008.08.011resources, is known as allelopathy (Rice, 1984; Lampert and
Sommer, 1997). Studies in lakes (e.g., Keating, 1977; Vardi et al.,
2002) have demonstrated that allelopathic compounds produced
by phytoplankton are active in succession events. Allelopathy and
toxin production have been shown to be enhanced by stress
factors, such as N and P unbalanced ratios at limiting concentra-
tions (Tang et al., 1995; Granéli and Johansson, 2003; Tillmann,
2003; Granéli and Hansen, 2006).
Phytoplankton allelopathy was probably first observed in 1917
by Harder (cited in Wolfe and Rice, 1979) when he reported auto-
inhibition in the freshwater cyanobacterium Nostoc punctiforme.
Much later, the International Allelopathy Society defined allelo-
pathy as any process involving secondary metabolites produced by
plants, algae, bacteria, and fungi that influence the growth and
development of agricultural and biological systems (International
Allelopathy Society, 1996). Here, we use the term allelopathy in the
context of the negative effect of allelochemicals produced by
certain algae on other algal groups/species; i.e. grazer deterrence
and or predator avoidance are not discussed.
In this overview we have emphasized the connections between
eutrophication and allelopathy. We address the questions: Do
nutrients in excess or in unbalanced conditions relative to the
growth requirements of microalgae favor species able to produce
allelochemicals and/or stimulate higher production of these
E. Granéli et al. / Harmful Algae 8 (2008) 94–102 95compounds? If this is the case, are eutrophic coastal and marine
waters subject to an increased frequency in blooms of allelopathic
species?
Harmful algal blooms have increased worldwide in fresh,
estuarine and coastal marine waters (Smayda, 1990; Hallegraeff,
1993; Van Dolah, 2000; Allen et al., 2006). Some of these blooms
are far worse in their impacts than others, for example, the 1988
bloom of Chrysochromulina polylepis in Scandinavia that killed all
fauna and flora over a 75,000 km2 area (Maestrini and Granéli,
1991; Granéli and Hansen, 2006). High-biomass blooms are often
caused by excessive inputs of N and P, and their respiration and
eventual decomposition causes oxygen depletion in the water
column, mostly in the bottom waters, with devastating con-
sequences to the benthic community (Glibert et al., 2005). Some
algal blooms, including some high-biomass blooms, also involve
species that produce toxins and other secondary metabolites
which are released into the water. It has been hypothesized that
the primary purpose of these chemicals may be to inhibit the
growth of other, competing phytoplankton species (allelopathy)
and to decrease losses by killing their grazers (grazer deterrence).
About 40 harmful phytoplankton species have been described
to exhibit allelopathy toward other algae (Table 1). Although not
yet described in the scientific literature the production of
allelochemicals by some of these algal species may, in fact, be
produced by bacteria, as some of these results come from non-
axenic algal cultures. In freshwaters, most allelopathic species are
cyanobacteria, whereas in marine and estuarine waters most are
flagellates, especially dinoflagellates and haptophytes. The most
extensive effects on aquatic ecosystems have been associated with
allelochemicals produced by flagellates (see Granéli and Johans-
son, 2003; Legrand et al., 2003). Here we briefly review the present
status of understanding about phytoplankton allelopathy, and
evidence for an important role of cultural eutrophication in
stimulating microalgal production of toxins and other allelochem-
icals.
1.1. Allelochemicals and modes of action
Although various toxins produced by microalgal species that
affect higher trophic levels are well described, many of the isolated
or suspected allelochemicals that affect co-occurring algae remain
to be characterized (Table 1). The strongest allelochemicals known
to date in aquatic ecosystems have haemolytic capacity which, by
disrupting the cell membranes of other algal species, will kill the
latter in the process. Another consequence is that other organisms
might also be affected as well. For example fish kills usually occur
during blooms of such algae as the cell membranes of the delicate
gills are affected as well by the action of the haemolytic
compounds (Igarashi et al., 1995, 1999). Most algal allelochemicals
however, are not as damaging and might temporarily only inhibit
some function in the target species’ ecophysiology, but do not
cause death. For example, photosynthesis inhibition, decrease in
growth rate, or grazing inhibition have all been shown to a certain
degree (c.f. Legrand et al., 2003 and references therein). Induced
formation of cysts may be another nonlethal reaction to
allelochemicals (Legrand et al., 2003).
2. Abiotic and biotic factors known to affect allelopathy
Many abiotic and biotic factors have been investigated in the
context of toxin production and effects on higher trophic levels. In
contrast, allelopathy of harmful algae toward co-occurring algae is
a relatively new topic of research in aquatic ecosystems. There are,
to our knowledge, only a handful of published studies showing
how the production of an allelochemical that affects other algae isinfluenced by abiotic or biotic factors. A major impediment to this
research is that, as mentioned, most allelochemicals have not yet
been isolated and structurally characterized (Table 1). In some
cases, potentially allelopathic compounds have been characterized
from intracellular extracts, but these cannot be regarded as
allelochemicals until a mode of release into the surrounding
environment and a correlation to an allelopathic effect have been
shown (Willis, 1985).
The concept of microalgal allelopathy also has been subject to
criticism because some studies have used unnaturally dense
populations in culture in conjunction with randomly paired taxa
that do not co-occur in nature. The more recent research which has
avoided this problem is reviewed in the following sections and in e.g.
Edvardsen and Paasche (1998) and Granéli and Johansson (2003).
2.1. Abiotic factors
Allelopathic compounds released by some phytoplankton
species seem to be effective only for a relative short period. For
example, cell-free filtrates of Prymesium parvum added to cultures
of Thalassiosira weissflogii, Rhodomonas cf. baltica and Prorocentrum
minimum had a significant negative effect on cell numbers, but
within a few days the exposed species began to recover (Granéli
and Johansson, 2003; Fistarol et al., 2005). However, when exposed
to repeated additions of cell-free filtrate every second day no
recovery was possible (Fistarol et al., 2003). Similar findings were
observed for the dinoflagellate Scrippsiella trochoidea which
recovered from exudates of Alexandrium ostenfeldii excreted into
the medium (Tillmann et al., 2007). These findings suggest that one
or several mechanisms may act to reduce the allelopathic effect.
Exposure from UV light at 255 nm and visible light between 400
and <520 nm completely inactivated extracellular ichthyotoxins
from P. parvum within 90 min (Parnas et al., 1962). Another
haptophyte, Phaeocystis pouchetii, enhanced haemolytic activity
when incubated at higher light intensities (van Rijssel et al., 2007),
thus showing a positive stimulation from light.
Coastal surface waters may have high pH levels (>8; Hires et al.,
1963; Emery, 1969; Pegler and Kempe, 1988 as cited in Hinga,
1992) that can confound allelopathic effects. For example, when
the pH was increased from 8 to 9, there was a >2-fold increase in
non-motile cells of the dinoflagellate, Heterocapsa triquetra. When
mixed with low cell densities of the potentially toxic haptophyte, C.
polylepis (Schmidt and Hansen, 2001) the toxicity of high-density
cultures of C. polylepis increased when the pH was raised from 6.5
to pH 8. In mixed cultures of C. polylepis and H. triquetra at pH 8,
90% of the H. triquetra cells were non-motile. The data suggested
that high pH negatively affected motility of H. triquetra, and that
this effect was exacerbated by allelochemicals from C. polylepis
(Schmidt and Hansen, 2001). In another study, production of
algicidal allelochemicals by the freshwater cyanobacterium
Oscillatoria laetevirens increased4-fold when the pH was elevated
from 8 to 9, whereas lower concentrations of the allelochemicals
were produced at neutral or lower pH (Ray and Bagchi, 2001).
While high-biomass blooms tend to result in elevated pH values,
the decrease seen in pH in many marine waters due to climate
change (acidification), may counterbalance these increases and
thereby result in a diminished amount of allelochemicals being
produced by these HABs.
Not much is known about how changes in temperature affect
phytoplankton allelopathy. As an example, the haemolytic activity
of P. pouchetii increased when the temperature was increased from
4 8C to 15 8C (van Rijssel et al., 2007). In contrast, in culture
experiments there was no difference in allelopathic effects of the
potentially toxic dinoflagellate, Alexandrium tamarense on dino-
flagellates S. trochoidea or H. triquetra at 14 8C versus 20 8C (Fistarol
Table 1
Allelopathic harmful algae species, their allelochemicals and allelopathic effect
Species Allelochemicalsa Effectsb Reference
Cyanophyceae
Anabaena sp. U GI, GS Suikkanen et al. (2005)
A. cylindrica EP GI Legrand et al. (2003)
A. flos-aquae HX, A, M, U GI, IS, D Murphy et al. (1976), Kearns and Hunter (2000),
Kearns and Hunter (2001), Legrand et al. (2003)
A. lemmermannii U GI Suikkanen et al. (2004)
Aphanizomenon sp. U GS Suikkanen et al. (2005)
A. flos-aquae U GI de Figueiredo et al. (2004); Suikkanen et al. (2004),
Suikkanen et al. (2006)
A. gracile U GI, D Legrand et al. (2003)
Cylindrospermopsis raciborskii U PI Figueredo et al. (2007)
Gomphosphaeria aponina U GI Legrand et al. (2003)
Hapalosiphon fontinalis Hapalindole A D Moore et al. (1984)
Fischerella sp. U GI, PI Bagchi and Marwah (1994)
Fischerella muscicola Fischerellin PI, GI, D Gross et al. (1991), Legrand et al. (2003)
Microcystis sp. U, Microcystin GI, PI, D Sukenik et al. (2002), Vardi et al. (2002)
Nodularia spumigena U GI, GS Suikkanen et al. (2004, 2005), Suikkanen et al. (2006)
Nostoc sp. U GI, D Schagerl et al. (2002), Legrand et al. (2003)
Nostoc spongiaeforme Nostocine A GI Hirata et al. (1996), Hirata et al. (2003)
Oscillatoria sp. FA PI Chauhan et al. (1992)
Oscillatoria spp. U GI, PI, D Legrand et al. (2003)
Oscillatoria laetevirens U GI Ray and Bagchi (2001)
Bacillariophyceae
Pseudo-nitzschia pungens U GI Legrand et al. (2003)
Skeletonema costatum U GI Yamasaki et al. (2007)
Coscinodiscophyceae
Rhizosolenia alata U GI Legrand et al. (2003)
Dinophyceae
Alexandrium catenella U GI, D Arzul et al. (1999)
A. minutum U GI, D Arzul et al. (1999), Fistarol et al. (2004a)
A. ostenfeldii U IM, CP Tillmann et al. (2007)
A. tamarense U GI, GS, CP, D Arzul et al. (1999), Fistarol et al. (2004b), Fistarol et al. (2004a),
Wang et al. (2006)
Amphidinium klebsii U GI Sugg and VanDolah (1999)
Ceratium sp. U GI Legrand et al. (2003)
Coolia monotis U GI Sugg and VanDolah (1999). Legrand et al. (2003)
Gambierdiscus toxicus U GI, D Sugg and VanDolah (1999)
Karenia brevis (Gymnodinium breve) U GI, GS Kubanek et al. (2005)
K. mikimotoi (Gymnodinium mikimotoi) U GI, CP, D Uchida et al. (1999), Fistarol et al. (2004b)
Ostreopsis lenticularis U GI, D Sugg and VanDolah (1999)
Peridinium aciculiferum U GI, D Rengefors and Legrand (2001)
Prorocentrum lima U GI, D Sugg and VanDolah (1999)
Haptophyceae
Chrysochromulina polylepis U GI, CP, D Myklestad et al. (1995), Schmidt and Hansen (2001), Fistarol et al. (2004b)
Phaeocystis pouchetii U, PUA GI, D, H Hansen et al. (2004), Hansen and Eilertsen (2007), van Rijssel et al. (2007)
Prymnesium parvum U, Prymnesin D, RG Igarashi et al. (1998), Fistarol et al. (2003), Granéli and Johansson (2003),
Barreiro et al. (2005), Fistarol et al. (2005)
Raphidophyceae
Chattonella antiqua U GI Matsuyama et al. (2000) cited in Gross (2003)
Heterosigma akashiwo U GI, GS Matsuyama et al. (2000) cited in Gross (2003); Pratt (1966);
Yamasaki et al. (2007)
a A, anatoxin; EP, extracellular peptides; F, fatty acids; HX, hydroxamate chelators; M, microcystin; OA, okadaic acid; PUA, polyunsaturated aldehyde; U, unknown.
b CP, cyst promotion; D, death; GI, growth inhibition; GS, growth stimulation; H, haemolysis; IM, immobilisation; IS, induced settling; PI, photosynthesis inhibition. RG,
reduced grazing.
E. Granéli et al. / Harmful Algae 8 (2008) 94–10296et al., 2004a). The increase in temperature predicted for the end of
this century due to global changes, is thought to favor the
proliferation of certain HAB species, as for example cyanobacteria
(Paerl and Huisman, 2008), and will alter precipitation patterns
likely leading to increased nutrient runoff in some regions (e.g.,
Howarth, 2008). How this temperature increase will particularly
affect allelopathic species and how temperature will interact with
nutrient availability in allelopathy is yet to be investigated.
2.2. Biotic factors
The most important, obvious factor affecting phytoplankton
allelopathy is the species involved. In addition, the intensity of theallelochemical effect on target species is strain-dependent. The
haptophyte C. polylepis strains CCMP 289 and K-0259 had different
effects on the dinoflagellate S. trochoidea (Fistarol et al., 2004b).
Cell-free filtrate of the CCMP 289 strain caused higher mortality on
S. trochoidea than the K-0259 strain. On the other hand, strain K-
0259 induced formation of more temporary cysts. Strain depen-
dency was also shown for the cyanobacteria Cylindrospermopsis
raciborskii, wherein strains LS118 and LS124 effectively inhibited
the PSII activity in the chlorophyte Coelastrum sphaericum, whereas
C. raciborskii strain LS117 had no effect (Figueredo et al., 2007).
The strength of the effect of the allelochemicals on the target
species can also vary depending also on cell densities of the
allelopathic and target species. This question has been addressed in
Fig. 1. Cell-free filtrate of P. parvum growing in nutrient-sufficient (white bars) or
phosphorus-deficient (grey bars) culture medium was added to a culture of
T. weissflogii growing in nutrient-sufficient (NP suf.), nitrogen- or phosphorus-
deficient (N def. resp. P def.) culture medium. The effect is shown as percentage of
dead T. weissflogii cells compared to the controls after 2 days of exposure
(means  S.D., n = 3). Redrawn from Fistarol et al. (2005).
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Hansen, 2001) and dinoflagellates (Tillmann et al., 2007). The
general pattern is that higher cell numbers of the donor species
result in more magnified detrimental effects, and vice versa.
An important biotic factor is the growth phase of the donor
species. Exponentially growing populations as well as populations
in stationary phase have been described as allelopathic to other
algae. Shilo (1967) observed that haemolytic activity of P. parvum
toward co-occurring algae was greatest in late exponential growth
phase and continued into stationary phase before it eventually
decreased. Another haptophyte, C. polylepis, exhibited allelopathic
activity toward the dinoflagellate H. triquetra in mixed cultures.
The effect was greatest during exponential growth phase of C.
polylepis and decreased after a few days in stationary phase
(Schmidt and Hansen, 2001). Similarly, the cyanobacteria Nodu-
laria spumigena was more allelopathic in exponential growth phase
than in stationary phase to T. weissflogii and Rhodomonas sp.
(Suikkanen et al., 2004). Growth of the diatom Chaetoceros gracile
was effectively suppressed by the filtrates of three Alexandrium
species (A. minutum, A. catenella and A. tamarense) in both
exponential and stationary growth phase, but with a slightly
higher allelopathic effect in stationary phase for A. minutum and A.
catenella (Arzul et al., 1999). The haemolytic effect of Peridinium
aciculiferum was higher in stationary growth phase (Rengefors and
Legrand, 2001).
The production of allelochemicals by bacteria has not yet been
shown. An attempt has been made by Tillmann and John (2002) to
test the influence of bacteria on allelopathy by using Alexandrium
spp. axenic cell-free filtrates (bacteria present in the culture were
removed, together with Alexandrium spp., by filtering Alexandrium
spp. cultures through 0.2 mm membrane filters). However, this
approach removes the influence of bacteria after the filtration
procedure, but it does not exclude the influence of compounds that
bacteria might have released in the culture medium before
filtration.
Although it is has been shown that degradation of some
allelochemicals when exposed to high light intensities and/or UV
radiation can be on the order of hours to 1 day (Fistarol et al., 2005;
van Rijssel et al., 2007), some evidence exists that degradation by
bacteria do occur. Simonsen and Moestrup (1997) found that C.
polylepis haemolytic compounds were degraded in 40 h when in
darkness, and in 12 h in light, suggesting that although not as
efficient as light, the role of bacteria cannot be disregarded in this
process. Similar results have been found for P. parvum haemolytic
compounds by Sengco et al. (2005).
3. Allelopathy and eutrophication
Available external nutrient supplies can have a major influence
on microalgal allelopathic activity. Various workers (Pratt, 1966;
Keating, 1977; Sharp et al., 1979; Tillmann and John, 2002) have
reported the presence of toxic metabolites or allelochemicals in
culture filtrates from various algae. Myklestad et al. (1995) showed
that cell-free filtrates of P-deficient cultures of Chrysochromulina
strongly inhibited the growth of the diatom Skeletonema costatum.
The addition of filtrates from cultures of P. parvum grown under
nutrient-deficient conditions (N or P) had a strong negative effect
on other phytoplankton species compared to positive growth
when exposed to cell-free filtrates from non-P-deficient cultures
(Fistarol et al., 2003; Granéli and Johansson, 2003; Skovgaard and
Hansen, 2003). In these studies there was higher allelopathic
activity from filtrates of nutrient-deficient cultures of P. parvum or
C. polylepis than from nutrient-replete cultures (Johansson and
Granéli, 1999a,b). Thus, the decline in cell densities of the
phytoplankton species exposed to these filtrates can be accountedfor by the toxicity of the excreted allelochemicals (Fistarol et al.,
2003; Granéli and Johansson, 2003; Tillmann, 2003; Skovgaard and
Hansen, 2003). This effect was more pronounced when the
targeted cells were also nutrient-deficient (Fig. 1) (Granéli and
Johansson, 2003; Fistarol et al., 2005). Granéli and Johansson
(2003) have shown that when the allelopathic species experience
N and P unbalanced limiting conditions the production of
allelochemicals is stimulated. By killing cells of the co-occurring
phytoplankton species and even bacteria, the allelopathic species
may not only utilize the limiting available inorganic N or P from the
surrounding waters but also the organic N and P released by the
lysed target cells. If the allelopathic and the target have different
nutrient preferences and are thus in differeing states of nutrient
limitation, the effects may be less pronounced, i.e., there will be
less amount of allelochemicals produced and/or the target will be
more resilient to them.
The haptophyte Prymnesium patelliferum produces similar
prymnesin toxins as P. parvum, and has not been inhibited by
cell-free filtrates from P. parvum and, instead, has shown positive
growth (Granéli and Johansson, 2003). The insensitivity of P.
patelliferum to excreted prymnesins from P. parvum suggests as-yet
unknown, specific defense mechanisms. Similarly, Windust et al.
(1996) showed that micromolar concentrations of the dinoflagel-
late toxins okadaic acid (OA) and dinophysistoxin-1 (DTX-1)
effectively inhibited the growth of several microalgae, but did not
affect the growth of the dinoflagellates that produced the toxin.
These results suggest that for these phytoplankton species, toxin
production may act as an allelopathic mechanism to repress or
exclude algal competitors.
The freshwater cyanobacteria O. laetevirens produces an
allelochemical that inactivates photosystem II of co-occurring
algae (Chauhan et al., 1992). Ray and Bagchi (2001) showed that P
limitation in the growth medium of O. laetevirens both increased
extracellular amounts of allelochemicals and allelopathic effect on
the cyanobacterium Synechococcus elongatus (PCC 7942). As the O.
laetevirens cells became more allelopathic, the growth rates of S.
elongatus were depressed due to P limitation (Ray and Bagchi,
2001). The data suggest that during P limitation, O. laetevirens may
gain a competitive advantage by focusing on allelochemical
production. By lysing the other competing cells (and maybe also
bacteria?) O. laetevirens cells are able to scavange the needed P to
Fig. 2. Toxicity (LC50) of water samples from a nitrogen-limited bloom of
Prymnesium parvum to fish (fathead minnow, Pimephales promelas) in Lake
Possum Kingdom, TX, USA. Water from the bloom to which nutrients were
added (f/2 medium, N:P 20:1) in situ for 28 days was non-toxic to fish (white bar).
Untreated water from the bloom, in contrast, was highly toxic to fish (grey bar).
Redrawn from Roelke et al. (2007).
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assemblages, are needed to elucidate the ecological significance of
allelochemicals released by O. laetevirens, among other species, due
to altered nutrient conditions.
4. Eutrophication and blooms of allelopathic algae: case
studies
Published studies describing allelopathic algae that were
stimulated to bloom by inputs of N or P from land-based sources
are rare. Nutrient data reported from blooms are, in many cases,
incomplete or lacking. Nevertheless, the available data can be used
to examine whether nutrient inputs may have contributed to these
blooms by stimulating production of allelochemicals by the
harmful algal species involved.
4.1. Blooms of Chrysochromulina polylepis
In 1988, a bloom of the ichthyotoxic flagellate C. polylepis
moved from the Kattegat Sea (Swedish and Danish waters)
throughout the entire Skagerrack to Bergen on the Norwegian
Atlantic coast. The toxin produced by C. polylepis had a haemolytic
effect on other organisms. Maestrini and Granéli (1991) showed
that an increase in the N inputs (nitrate and organic N) from a high-
precipitation winter followed by a calm, warm spring stabilized
the water column and gave this species a ‘‘window of opportunity’’
to out-compete other algae and eliminate grazers.
4.2. Blooms of Prymnesium parvum
P. parvum is one of the few species where evidence from
laboratory experiments exists showing that altered N:P ratios
increase the production of allelochemicals which negatively
impact the planktonic community (Granéli and Johansson, 2003;
Fistarol et al., 2005).
In July 1997 an extensive fish mortality was detected in the
brackish waters of Lake Vargsundet in southwestern of Finland
(Lindholm et al., 1999). Lindholm et al. (1999) estimated that 10–
15 tonnes of fish died, approximately half of the total fish stock of
Lake Vargsundet. Pre-bloom data collected several days before the
most severe fish kills showed high levels of total N (TN) and total P
(TP). A high molar TN:TP ratio (50) in the epilimnion indicated
conditions of nutrient imbalance and possible P limitation. During
the bloom, however, there was virtually no nitrate and low levels of
phosphate (0.1–0.2 mM) in the epilimnion, suggesting potential N
limiting conditions. It was hypothesized that the apparently
altered TN:TP and N:P ratios and low N levels stimulated
production of allelochemicals by P. parvum and enabled a
competitive advantage over other phytoplankton.
Another P. parvum example comes from the eutrophic, brackish
Oued Mellah Reservoir in Morocco which had sustained blooms in
the autumns of 1998 and 1999 (Sabour et al., 2002). Nitrate
concentrations were elevated, although at the highest levels found
for this reservoir (5.6–14 mM), phosphate was below analytical
detection. Thus, the N:P ratio was high, and P was the primary
nutrient limiting algal growth (Sabour et al., 2002). The stress
caused by P depletion (and high levels of N) was an underlying
factor that promoted increased production of allelochemicals (as
shown by Granéli and Johansson, 2003), allowing P. parvum to out-
compete co-occurring algae and bloom.
Similarly, Roelke et al. (2007) investigated the effect of nutrient
enrichment on P. parvum and its toxicity during a toxic bloom. Two
mesocosm experiments were performed in Lake Possum Kingdom
Reservoir (TX, USA) during fall 2004 and early spring 2005. This
lake system has sustained blooms of P. parvum for the last 5 years(Roelke et al., 2007). Translucent closed-bottom enclosures
(1.57 m3 each) filled with lake water and the natural plankton
assemblage were suspended at the surface. The enclosures were
treated with a combination of added nutrients (f/2, N:P 20:1),
barley straw extract and a culture of P. parvum (representing
‘‘immigration’’) for 28 days. Nutrients, P. parvum cells, and barley
straw extract were added at the beginning of the experiment.
Variables measured were plankton assemblage structure, inor-
ganic nutrient availability (N, P) and ambient toxicity. During the
experiment a bloom of P. parvum occurred, coinciding with fish
kills and golden-colored water with surface foam. The nutrient
conditions in Lake Possum Kingdom Reservoir were similar to
those of untreated enclosures during the fall and spring experi-
ments, i.e. low N:P ratios (5.3:1 resp. 4.1:1) and relative low nitrate
concentrations (0.69 resp. 1.6 mM). Of eight treatments, only the
nutrition-addition treatment had a significant, extended effect,
keeping toxicity low to over 28 days. The nutrient additions (800
and 40 mM N and P, respectively, N:P atomic ratio = 20:1)
increased the density of P. parvum but favored other algal groups
even more. Moreover, toxicity to fish was greatly reduced (Fig. 2)
and sublethal effects on reproduction of the zooplankter, Daphnia
magna were reduced (Roelke et al., 2007). These experimental field
data support laboratory findings (Granéli and Johansson, 2003)
that the toxicity of P. parvum is reduced when nutrients are
abundant and in balance.
4.3. Blooms of Phaeocystis in the North Sea and China
Blooms of the foam-producing haptophyte, Phaeocystis have
been recorded annually since 1974 in the North Sea along the
eutrophic coasts of The Netherlands and Germany. The duration of
the blooms increased dramatically from the end of 1970 (10–30
days) to a maximum in 1991 (150 days), and has been declining
since (Cadée and Hegeman, 2002). Averaged nutrient data from the
prolonged blooms in 1991–1992 show a marked decrease in the
inorganic N:P atomic ratio from 60:1 in the beginning to 2.5:1 in
the end (N concentrations decreasing from 65 to 3 mM N). Even
during minor blooms in 1974–75, the N:P ratios decreased from
37:1 to 18:1 (N concentrations decreasing from 48 to 18 mM N)
and P. pouchetii produced haemolytic compounds (van Rijssel et al.,
2007) that negatively affected the growth of several diatom species
(Hansen et al., 2004; Hansen and Eilertsen, 2007). While foam-
E. Granéli et al. / Harmful Algae 8 (2008) 94–102 99producing blooms in the North Sea might be considered non-
harmful, fish-killing blooms of P. globosa occurred in coastal waters
of southeast China in 1997 and 1999 and caused major economic
losses to the local aquaculture industry (Chen et al., 2002).
According to Liu et al. (2006), available nutrients were rapidly
depleted by the high cell densities of P. globosa. Later P. globosa cells
were shown to exhibit enhanced haemolytic activity in N-deficient
medium. Thus, in this case allelopathy related to nutrient
limitation may have afforded P. globosa an advantage against
competitive species.
4.4. Blooms of Karenia brevis
In the Gulf of Mexico, toxic ‘‘red tides’’ of the dinoflagellate
Karenia brevis and other associated, potentially toxic species such
as Karenia mikimotoi, have been reported almost annually off the
Florida coast since the 1950s (Walsh et al., 2006). Fish kills and
deaths of marine mammals and other marine biota occasionallyFig. 3. The effect of cell-free filtrate from lake Lagoa Santa, Brazil, dominated by
Cylindrospermopsis raciborskii (>90% of total phytoplankton biomass; the species
maintains a persistent bloom in the lake often representing >85% of the plankton
biomass) on electron transport rate (ETR) for (A) the cyanobacterium Microcystis
aeruginosa and (B) the chlorophyte C. sphaericum. When exposed to cell-free filtrate
from the lake (black circles), photosynthetic activity (expressed as ETR) of M.
aeruginosa was significantly inhibited at PAR levels above 200 mmol photons m2 s1,
whereas in the controls made with addition of culture media instead of filtered lake
water (open circles) ETR values reached a saturation plateau and stayed constant over
the range of PAR intensity tested. For C. sphaericum, addition of filtered lake water
(black circles) provoked a different response with both ETR saturation maximum and
low-light efficiency coefficient (a) lower than the controls (open circles). Redrawn
from Figueredo et al. (2007).are associated with dense blooms of K. brevis. Humans are exposed
to the toxins from consuming contaminated shellfish and inhaling
toxic aerosols (Kirkpatrick et al., 2004). In laboratory experiments,
Kubanek et al. (2005) found that K. brevis uses allelopathy against
other phytoplankton species. Data are not yet available for how the
allelopathic effects are influenced by external nutrient conditions,
but since the waters of the Gulf of Mexico are mainly nitrogen-poor
and the Mississippi River and fossil deposits supply anthropogenic
phosphorus (Walsh et al., 2006) there is a possibility that nitrogen-
deficient K. brevis is even more allelopathic. Although we do not
have such information for K. brevis, for the closer related species K.
mikimotoi toxicity has been shown to increase under N-deficiency
(Granéli and Flynn, 2006).
4.5. Blooms of Cylindrospermopsis raciborskii
The cyanobacterium C. raciborskii has recently been suggested as
an allelopathic species (Leflaive and Ten-Hage, 2007). In Lagoa Santa,
southeastern Brazil, since 2001 this species has had a stable
dominance (Bouvy et al., 1999). The waters of this lake have been
subjected to increasing nutrient enrichment with eutrophication as
consequence and losses in fish biodiversity (Pompeu and Alves,
2003). Exudates from cultures of C. raciborskii isolated from the lake,
and cell-free filtrates of lake water collected during a bloom of C.
raciborskii, have shown allelopathic effect on most target species
(Fig. 3) (Figueredo et al., 2007). That same study showed that
cultures of C. raciborskii grown under nutrient-replete conditions did
not have inhibitory effect on the target algae they tested.
Cyanobacteria stimulating other cyanobacteria suggest enhance-
ment of allelopathy by P limitation, as most of the species in this
group are able to fix N2. By doing so, a substantial amount of N
originating from the atmosphere is supplied to the aquatic
systems, favoring the growth and biomass accumulation of other
cyanobacteria and also other phytoplankton species. This is the
case, for example, in the Baltic Sea: Suikkanen et al. (2005) showed
that cell-free filtrates of Aphanizomenon and Nodularia grown in
nutrient rich conditions stimulated growth of the cyanobacterial
community.
5. Conclusions
As shown for terrestrial plants, allelopathy in phytoplankton is
closely associated with competition for resources in these systems.
For marine environments, limiting nutrient supplies not only
increase the production of allelochemicals, but may also accentuate
their action (Einhellig, 1995). This is a similar mode of action as when
nutrient limitating conditions cause algal cells to release organic
compounds in elevated amounts into the water (Myklestad, 1977;
Soeder and Bolze, 1981; Myklestad et al., 1995; von Elert and Jüttner,
1997). In marine and coastal waters, N and P are seldom in high
enough concentrations to sustain the growth of the array of
phytoplankton species co-existing in time and space. The nutrient
that is found at the lowest concentration in relation to the algal need
will limit their growth. Thus, the ability to compete for the limiting
nutrient is crucial for the proliferation of a specific species. The
species that is able to compete successfully for the available growth-
limiting nutrient has the potential to become dominant by
increasing its biomass, ultimately forming blooms. Under such
stressed conditions, allelopathic algae have the capability to use the
limiting nutrient resources by eliminating or inhibiting the growth
of their competitors via increased production and liberation of
allelochemicals (Fig. 4). Ultimately, we can assume that nutrient
enrichment from cultural eutrophication is an underlying factor
supporting many blooms of allelopathic algae by altering the N:P
balance. The resulting stressed conditions promote the production
Fig. 4. Two scenarios showing how eutrophication might affect allelopathy: (1) nitrogen (N) and phosphorus (P) inputs to the aquatic ecosystem are relatively balanced in
relation to the algae need (i.e. N:P molar ratio 16:1). Algal biomass is high, no physiological stress, low allelopathy. (2) P input and N input is higher in relation to N and P,
respectively; therefore, the less abundant nutrient (N resp. P) becomes a limiting resource. Under conditions in (2) all algae are stressed and those which can produce
allelochemicals will increase production of these substances and out-compete co-occurring species for the limiting nutrient resource.
E. Granéli et al. / Harmful Algae 8 (2008) 94–102100of allelochemicals to afford an advantage over potential competitors
for the limiting nutrient.
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